Terminal oxidases, required for all aerobic organisms, perform the final step in electron transport, coupling the reduction of oxygen to proton translocation. There are two known types of terminal oxidases: the universal heme copper oxidases (HCOs) and the less ubiquitous, bd-type quinol oxidases found only in prokaryotes (17, 44) . Terminal oxidase complexes often contain 3 to 4 subunits in prokaryotes, compared to 13 in mitochondria. However, the HCO (Cu B -Fe center) required for the reduction of O 2 is highly conserved across the three domains of life (consistently referred to as subunit I). Most prokaryotic terminal oxidase complexes also contain a conserved heme copper oxidase subunit II, responsible for binding and oxidation of either cytochrome c (with a Cu A center) or ubiquinol (no Cu A center), followed by electron transfer to subunit I (17, 45) . Alternative mechanisms exist in some terminal oxidase complexes, such as the SoxM supercomplex, where a blue copper sulfocyanin protein is thought to transfer electrons directly to the HCO subunit II (33, 34) . Redox potential and oxygen affinity vary among different terminal oxidase complexes, consistent with the numerous electron donors used by aerobic microorganisms (17, 45) .
Reduced Fe and S species (e.g., Fe 2ϩ , HS Ϫ ) are important electron donors in all natural environments but are especially important in acid mine drainage and hydrothermal systems (6, 19, 28) . Metabolic pathways involved in the oxidation of ferrous iron [Fe(II)] have been studied extensively in the bacteria Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans (2, 10, 20, 49, 52, 53, 61, 62) . The proposed pathway in A. ferrooxidans involves the blue copper protein rusticyanin and various c-type cytochromes (61, 62) . A novel c-type cytochrome, cytochrome c 579 , has been implicated in Fe(II) oxidation in a Leptospirillum-dominated community at Iron Mountain, CA (53) . In contrast, Ferroplasma acidiphilum, an archaeon present in the same community, is believed to oxidize Fe(II) directly via a small blue copper protein (15) .
Several of the diverse terminal oxidase complexes from members of the order Sulfolobales (phylum Crenarchaeota) have been characterized and include the aa 3 -type quinol oxidase DoxBCEF complex from Acidianus ambivalens (47) , the aa 3 quinol oxidase SoxABC complex, and the SoxM supercomplex of Sulfolobus spp. (35, 40, 41) . More recently, a novel terminal oxidase complex (the foxABCDEFGHIJ gene cluster) has been reported in Sulfolobus metallicus, Sulfolobus tokodaii, and Metallosphaera sedula, and this complex has been associated with the oxidation of Fe(II) (5, 8) . Several genes in the fox cluster code for hypothetical proteins whose role in electron transport via Fe(II) is unknown at the current time. In fact, only foxA and foxB are clearly defined as similar to the subunits I and II found in other terminal oxidase complexes, respectively. Previous gene expression studies of M. sedula have shown increased expression of genes within the fox cluster as well as the cbsAB-soxLN cytochrome ba complex in cultures grown on Fe(II) or pyrite relative to S 0 (5, 7, 8, 29) . However, no studies have been conducted in Metallosphaera-like organisms found in acidic geothermal habitats of Yellowstone National Park (YNP), where the oxidation of Fe(II) results in the deposition of numerous different types of Fe(III)-oxyhydroxide and/or jarositic microbial mats, depending on other geochemical conditions (25, 36) .
Prior 16S rRNA gene surveys (25, 36, 43) and recent metagenome sequence analyses (27) indicate that organisms highly similar (Ͼ99% identity to the 16S rRNA gene) to "Metallosphaera yellowstonensis" (strain MK1) are consistently one of the dominant community members in acidic thermophilic Fe(II)-oxidizing microbial mats of YNP. Metallosphaera yellowstonensis is ideal for studying relationships among different terminal oxidases and electron donors, because the organism grows autotrophically on Fe(II), elemental S, or complex organic C (e.g., yeast extract [YE] ) as a sole C and energy source. Moreover, the role of these Fe(II)-oxidizing chemoautotrophs in contemporary geothermal habitats provides clues regarding the importance of oxygen in the metabolism and evolutionary history of the Sulfolobales. The specific objectives of the current study were to (i) characterize the terminal oxidase genes found in the draft genome sequence of Metallosphaera yellowstonensis strain MK1 and in acidic, thermophilic Fe(III)-oxyhydroxide microbial mats of YNP, (ii) quantify the expression of terminal oxidase genes in field samples as well as cultures grown autotrophically on Fe(II), pyrite, or elemental S and heterotrophically on YE, and (iii) evaluate the potential function of genes within the fox cluster by using bioinformatic approaches (e.g., protein modeling), with special focus on the putative blue copper and cytochrome b proteins that appear to play an important role in the oxidation of Fe(II).
MATERIALS AND METHODS
DNA extraction for genomic sequencing. Metallosphaera yellowstonensis strain MK1 was cultivated at 70°C in 2 liters of growth medium as described by Kozubal et al. (36) , amended with 2% pyrite, 0.005% yeast extract, and 15 mg/liter vancomycin (added to prevent contamination by thermophilic bacilli). Total DNA was extracted using the FastDNA spin kit for soil (Q-Biogene, Irvine, CA). Purity of the DNA sent for genomic sequencing was verified by denaturing gradient gel electrophoresis with universal 931F and 1392GC primers and by sequencing 36 clones of the PCR product amplified with near-full-length archaea-specific primers as described by Kozubal et al. (36) . DNA concentration and integrity were determined using gel electrophoresis, prior to construction of small insert libraries (2 kb), subsequent cloning, and capillary sequencing (SymBio Corporation, Menlo Park, CA). Approximately 19 Mb of total sequence (ϳ500 bp per sequence read) was assembled into 174 contigs larger than 5 kb, with an average coverage of 4.8-fold.
Genome searches and primer design. Previously identified Fe(II) and S oxidation genes within the Sulfolobales were used as queries to search translated open reading frames (ORFs) from the draft sequence of Metallosphaera yellowstonensis and included the following: the terminal oxidase complexes (soxABCD, soxM, doxBCEF, and foxABCDEFGHIJ), the cbsA-soxLN operons, thiosulfate oxidase (tqoAB), sulfite oxidase molybdopterin (som; Msed_0362), sulfide quinone oxidoreductase (sqr; SSO2261), sulfur oxidoreductase (sor), and cytochromes thought to be important in the oxidation of Fe(II) in A. ferrooxidans and Leptospirillum group II. Metallosphaera sedula blue copper proteins (Msed_0323 and Msed_1206) and a Rieske cytochrome b fusion protein (rcbf; Msed_1191) were also used as ORF search queries. Deduced amino acid sequences of the subunit I HCOs (and additional selected proteins) were aligned and used to develop qPCR primers (see Table S1 in the supplemental material), including those used for qPCR and for electrophoresis-based qualitative expression analysis. All qPCR primer pairs were designed to amplify approximately 200-bp fragments with melting temperatures of 58°C. The primers were analyzed using the IDT SciTools OligoAnalyzer 3.0 (Integrated DNA Technologies, Coralville, IA) for hairpins, dimers, and melting temperatures and were tested on DNA from a Metallosphaera sp. strain MK1 culture and a hydrous ferric oxide (HFO) mat sample from an acid-sulfate-chloride (ASC) geothermal spring, as well as negative controls.
Collection of environmental samples from YNP. Four acidic Fe mat samples ranging from 54 to 72°C (ASC springs in the Norris Geyser Basin region of YNP) previously found to contain significant populations of M. yellowstonensis strain MK1 (25, 36) were chosen for analysis of mRNA: OSPA (One Hundred Spring Plain Spring, 72°C), OSPB (62°C), BED (Beowulf Spring, 62°C), and GAPB (Gap Spring, 84°C). Approximately 10 g of Fe-oxide microbial mat was removed from the primary flow channel with heat-sterilized spatulas and stored immediately in nuclease-free Falcon tubes on dry ice. RNA extraction took place within 8 h of sampling. A negative-control sample from a 75°C sulfur deposition zone at the source of Beowulf Spring (previously shown not to contain 16S rRNA sequences related to M. yellowstonensis strain MK1) did not result in amplification with primers used in this study.
Growth conditions for Metallosphaera yellowstonensis strain MK1. Pure cultures of M. yellowstonensis strain MK1 were maintained at 65°C in synthetic growth medium as described by Kozubal et al. (36) at a pH of 3.0, adjusted with H 2 SO 4 . The cultures were grown in 20-ml serum bottles containing 15 ml of synthetic medium with 0.5 g (Ͻ0.15-mm size fraction) of one of the following substrates, sterilized prior to use: elemental S 0 , research-grade pyrite (FeS 2 ; Wards Scientific), or Fe(II) adsorbed to ferrihydrite (the organism does not grow on 20 mM FeSO 4 in the absence of a solid surface [36] ). Cultures of MK1 were also grown with 0.2% YE with no mineral substrates. Cultures with no YE were grown autotrophically using a headspace composition of 25% O 2 , 50% CO 2 , and 25% air. Cultures were mixed twice daily to maintain microoxic conditions. RNA extraction. Samples for RNA extraction were prepared from the Ͼ0.2-m fraction of cultures harvested at mid-log phase or from 0.5 g of a Fe-oxide microbial mat sampled from YNP. All samples were washed with pH 3.0 RNase/DNase-free water prior to RNA extraction. Total RNA was extracted with the FastRNA Pro Blue kit (MP Biomedicals, Irvine, CA) and treated with RQ1 RNase-free DNase (Promega, Madison, WI) for 1 h after extraction. Extracts were determined to be DNA-free by gel electrophoresis of PCR products with and without cDNA extension by reverse transcription for each primer to obtain quantitative estimates of gene expression (see Table S1 in the supplemental material). Concentrations and purity of RNA were verified with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and by gel electrophoresis.
RT-PCR and qPCR. RT-PCR was performed with the Access RT-PCR system (Promega, Madison, WI). RT-PCR was carried out with three controls for cultured cells: (i) RNA without reverse transcriptase to verify only RNA as the template, (ii) nuclease-free water as a negative-control template, and (iii) genomic DNA from M. yellowstonensis strain MK1 as a positive control for amplification. For environmental samples, a negative control from the source of Beowulf Spring was used; this source does not contain sequences related to strain MK1. RNasin RNase inhibitor (Promega, Madison, WI) was added (320 U) to 400 l Promega GoTaq master mix and 40 U reverse transcriptase enzyme. Template RNA from specific culture treatments or from environmental samples was added to each master mix to a final concentration of approximately 0.1 ng/l RNA. RT-qPCR was performed on eight sets of samples (one set for each culture treatment and spring site) along with negative controls without reverse transcriptase. The thermal cycler protocol was 45°C for 45 min, 94°C for 2 min; 35 cycles of 94°C (30 s) melting, 56°C (45 s) annealing, and 72°C (25 s) extension; and a final 5-min extension period at 72°C. qPCR analysis was performed with the Rotor-Gene RG-3000 apparatus (Corbett Life Science, Sydney, Australia), and expression results were normalized relative to the 16S rRNA gene according to the method described by Kappler et al. (29) . qPCR of total 16S rRNA was performed according to Kozubal et al. (36) to verify that ribosome copies did not vary significantly across different culture treatments. Melt curve analysis was used to verify the integrity of the qPCR products and to compare melting temperatures among pure cultures and spring sites.
Genome sequence analysis. Assembled contigs of M. yellowstonensis were compared to the M. sedula genome for similarity of sequence content and synteny. Sequence gaps were filled by primer walking where possible. Additional protein sequences for tree construction were obtained from the GenBank data-
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base by conserved domain sequence searches across all taxonomical lineages. Protein sequence alignments were performed using ClustalX (version 1.81); misalignments or gaps were edited with Se-Al v2.0a11. Distance analysis was performed using the Jukes and Cantor correction, followed by phylogenetic tree construction using the maximum likelihood method in PAUP*4.0 (Sinauer Associates, Sunderland, MA) with 1,000 bootstrap replicates. Several bioinformatic programs were used to verify putative functions of genes found in this study. Protein BLAST (blastp and PHI-BLAST) and conserved domain searches were used to identify obvious homologies with characterized sequences in the NCBI databases. Multiple protein sequence analysis tools were used to determine structural relatives for less tractable sequences. These tools included the Pfam database, SMART, HHpred, and the BioInfoBank Metaserver. Structurally related sequences found with HHpred or the BioInfoBank metaserver were aligned with ClustalX and the DeepView program (v. 3.7), and models were created with the SWISS-MODEL server (3). Model quality was tested with the ProQ (Stockholm Bioinformatics Center) (58), ProSA (59), MolProbity (14), and Verify3d (41) programs. Accession number. The Metallosphaera yellowstonensis protein and nucleotide sequences used in this study are available at the JGI IMG/M website under IMG submission ID 268.
RESULTS
Terminal oxidase genes of Metallosphaera yellowstonensis strain MK1. The genome sequence from M. yellowstonensis strain MK1 contains coding regions for five putative terminal oxidase complexes ( Fig. 1) : soxABC, doxBCE, the soxM supercomplex, the foxABCDEFGHIJ gene cluster, and a separate doxB-like subunit I transcribed as a bicistronic mRNA with a polyferredoxin-like subunit (referred to as doxB-2/polyferredoxin in this study). The draft genome of M. yellowstonensis strain MK1 contains three foxA heme Cu oxidases (subunit I); two copies were found within the foxABCDEFGHIJ gene cluster (foxA-1 and foxA-2), while a third (foxA-3) was associated with an insertion sequence elsewhere in the genome.
The gene arrangement of the soxABCD, soxM, and dox terminal oxidase complexes is conserved between M. yellowstonensis strain MK1 and M. sedula DSM5348 (Fig. 2) . However, the foxABCDEFGHIJ gene cluster exhibits more variation in both gene order and content between the two organisms. Both M. sedula and M. yellowstonensis have additional hypothetical proteins within the foxABCDEFGHIJ gene cluster (M. sedula genes msed0471, -0472, -0476, -0479, and -0482) not found in S. metallicus or S. tokodaii (8) . The ATPase-like sequence (msed0470) is fused to the homologue of msed0471 in M. yellowstonensis, and the foxGH and foxC/msed 0479 genes are encoded on opposite strands. In addition to a lack of synteny across the fox gene clusters in the two Metallosphaera organisms, the draft genome of M. yellowstonensis contains a high frequency of transposable elements (perhaps up to 10%), similar to the frequency of transposases observed in Sulfolobus solfataricus (55) .
Other genes found in M. yellowstonensis that may play a role in the oxidation of Fe(II) include genes that appear to encode a blue multicopper protein (Mco), a Rieske-cytochrome b fusion protein (Rcbf), a cytochrome b 558/566 (CbsA), and two sulfocyanin subunits (SoxE-1 and SoxE-2). Putative sulfuroxidizing genes are also present in M. yellowstonensis strain MK1 and include sequences similar to a thiosulfate oxidase complex, tqoAB (also referred to as doxAD in A. ambivalens [30] ) and a sulfite-oxidase molybdopterin (som) located directly upstream of tqoAB. Metagenome sequence. Four highly related heme Cu oxidases (subunit I) were found in the metagenome sequence obtained from an acidic Fe-oxide microbial mat in Norris Geyser Basin (YNP), where M. yellowstonensis-like organisms are known to represent approximately 25 to 30% of the archaeal community ( Fig. 1) (27, 36) . Two of the environmental sequences are closely related to the foxA gene from strain MK1, while the other two cluster with the M. yellowstonensis doxB subunit I. These results have now been corroborated from metagenome sequences collected from two additional thermophilic, acidic Fe microbial mats in Norris Geyser Basin (data not shown). Both sites contain M. yellowstonensis-like foxA gene sequences highly similar to those entries shown for Beowulf Spring (Fig. 1) , indicating that the metabolic potential for encoding Fox cluster proteins is common in these habitat types. Importantly, fox genes were not found in numerous other geothermal sites where M. yellowstonensis-like populations are absent and where Fe(II) oxidation is not a dominant process (27) .
Gene expression studies in pure culture and environmental samples. Expression assays (mRNA) of numerous genes found within the different types of terminal oxidase complexes (including five subunit I heme Cu oxidases as well as additional candidates involved in S and/or Fe oxidation) were performed using RT-PCR on the same amount of total RNA extracted from M. yellowstonensis cultures grown autotrophically on Fe(II)-ferrihydrite, pyrite, and elemental S and heterotrophically on YE (Fig. 3) . All gene transcripts (mRNA) were confirmed by sequencing. Results indicated that expression levels of foxA, foxB, foxC, foxD, foxEF, foxJ, and mco genes were all highly increased in cultures grown on Fe(II)-ferrihydrite or pyrite (Fig. 3) . Conversely, doxB-and doxB-2-like transcripts were the dominant mRNA products observed in cells grown on elemental S. The doxB and doxB-2 subunit I were also present in treatments with pyrite (as expected in the presence of reduced S) but were clearly absent in cultures grown on Fe(II).
Transcripts of the cbsA gene were detected in all treatments except cultures grown on YE; consequently, the activity of this gene was independent of whether Fe(II) or reduced S served as the electron donor. Cells grown on YE exhibited increased expression of foxHG, which was not observed in cultures grown on Fe(II) or elemental S. Cells grown on YE also showed expression of doxB-2 and weaker products of foxA and foxC.
Priority gene transcripts identified in expression assays (described above) were then quantified in additional experiments (Fig. 4A) . Conversely, doxB transcripts were only observed in cells grown on elemental S or pyrite, whereas expression of doxB-2 increased in cells grown on elemental S (or pyrite) or YE (Fig. 4A) . Cultures grown on YE also showed weak to modest increased expression of foxA, foxC, and soxM subunit I. Expression of the putative thiosulfate oxidase (tqoB) was increased in cultures grown on elemental S (or pyrite) but not on Fe(II). Quantitative RT-PCR was also performed on samples from several acidic Fe-oxide mats in YNP, where organisms highly similar to M. yellowstonensis strain MK1 (Ͼ98% 16S rRNA gene nucleotide identity) are known to be important members of the microbial community (27, 36) . The only HCO (subunit I) expressed in four different Fe-oxide mat samples (Fig. 4B) was foxA-1, with the exception of a considerably lower level of soxB in Beowulf Spring (BED sample). At this location, mRNA transcripts of foxA-1 were found at concentrations nearly 10 times greater than soxB. mRNA transcript expression levles of foxC were also increased in all Fe mat samples (Fig.  4B ), which would be expected for a functional Fox complex. Moreover, with the exception of higher foxA-1 levels in site BED, the other three sites yielded ratios of foxA-1 mRNA similar to that of Metallosphaera yellowstonensis-like 16S rRNA. Additional copies of foxA found in strain MK1 (foxA-2 and foxA-3) were not significantly expressed under any conditions (data not shown).
Protein sequence analysis. Bioinformatic analysis was conducted on coding genes within the five HCO complexes to predict putative functions based on motif searches, structural analysis, and protein modeling. Of the genes in the fox gene cluster, foxC is an excellent candidate for protein sequence analysis ( Table 1) fourth sequence and is related to Msed_0478, with 86% aa identity. Protein modeling of FoxC. Sequence alignment of foxC and cbsA showed highly conserved regions (Fig. 5) at alignment positions 466 to 500, matching a heme B binding region of the gamma subunit of the ethylbenzene dehydrogenase (EBDH) crystal described for Azoarcus sp. EbN1 (31, 32) . The EBDH heme B binding motif involves an unusual Lys-Met axial coordination. The conserved lysine in this coordination (K484 in our alignments) is shared in both cbsA and foxC (see Fig. S1 in the supplemental material). However, a conserved methionine is not found in either foxC or cbsA. Two candidate conserved amino acids for axial heme coordination with K484 are lysine and arginine (K103 and R289). Further evidence for this novel heme coordination was obtained by modeling the heme binding region with the EBDH crystal (Fig. 6) , which suggested the spatial location of heme B in relation to axial coordinating residues, arginines and phenylalanine. Conserved residues also include three tyrosines with possible roles in heme coordination.
Differences between cbsA and foxC include two conserved methionine residues 13 amino acids apart that are found in cbsA at alignment positions 293 and 307 and which may be involved in coordination of an additional heme. All four foxC sequences contain multiple conserved residues (amino acids) necessary for heme, Fe, or copper binding that are not found in cbsA. These include one cysteine (C132), four histidines (H96, H312, H360, and H465), and three methionines (M119, M312, and M313). All cbsA genes contain a region high in threonine (T) at alignment positions 507 to 535, indicating the possibility of a region of high glycosylation or a site for phosphorylation. This region is not found in foxC sequences. The threonine mol% composition is about 7 mol% for foxC, compared to about 11 mol% for cbsA from strain MK1.
Sequence analysis of Mco. The novel multi-blue Cu oxidase gene (mco) found in M. yellowstonensis is also an excellent candidate for protein modeling. Expression of this gene was greatly increased (along with foxC and other fox cluster genes) under Fe(II)-oxidizing conditions. Bioinformatic analysis suggested that the hypothetical structure of Mco is related to eukaryal laccases and Fet3p proteins, which have been directly linked with the oxidation of Fe(II) (48, 54) . The predicted protein (Mco) contains two putative plastocyanin copper binding sites at sequence positions His35, Cys93, His96, and Met100 and His314, Cys373, His376, and Met381 (18) . However, the predicted Mco in M. yellowstonensis strain MK1 does not have type II or III copper domains that are typical of eukaryal blue multicopper proteins and are responsible for binding and reducing oxygen. The protein was modeled accurately around the plastocyanin domains, but a crystal structure is not yet available to allow accurate modeling of the remainder of the protein.
DISCUSSION
Metallosphaera yellowstonensis strain MK1 contains up to seven heme copper oxidase (subunit I) genes, which to our knowledge is more than any other described microorganism. The putative FoxA (subunit I) appears to be involved in the final step of electron transfer from Fe(II) to O 2 (aq). The fact that three copies of this gene are present in the draft genome sequence of strain MK1 further support its importance in the metabolism of this thermo-acidophile. The DoxBCEF complex was expressed only in treatments containing reduced S and therefore appears to be important in sulfur oxidation, as does the doxB-2/polyferredoxin bicistronic transcript, a novel putative terminal oxidase. This operon, known only in strain MK1 and M. sedula, does not contain an HCO subunit II, but rather has a novel gene that encodes a putative polyferredoxin. Polyferredoxins have negative redox potentials that range from Ϫ100 to Ϫ300 mV (21) , and this range overlaps with values of half-reactions for the oxidation of reduced sulfur species. The potential utilization of a polyferrodoxin protein rather than a conventional heme copper cytochrome c or quinol oxidase subunit II (e.g., DoxC in the DoxBCEF complex) is a possibility, and this two-protein complex would be one of the simplest electron transport systems in known aerobic organisms. doxB-2 is also expressed in cultures grown on YE and may, therefore, be involved in heterotrophic metabolism, along with the soxM supercomplex. The foxA, doxB, doxB-2, and tqoB genes are all expressed in pyrite-grown cultures, consistent with the mechanism of pyrite dissolution by Fe(II)-oxidizing microorganisms involving the release of thiosulfate and Fe(II) (52) .
Two foxA-and two doxB-like sequences were found in the metagenome sequence obtained from Beowulf Spring (position BED), which corresponds to the location of the original inoculum used to isolate strain MK1 (27, 36) . These sequences confirmed that M. yellowstonensis-like populations present in situ exhibit metabolic potential for the oxidation of both Fe(II) and elemental S. Although dominated by high-As amorphous Fe(III)-hydroxide (25) , elemental S formed upstream in sulfidic zones can be transported into the Fe mats and thus could be used as an electron donor in these environments (25, 26, 43) . However, quantitative expression results show clearly that fox genes (including foxA and foxC) are the dominant terminal oxidase genes expressed in all the Fe(III) microbial mats sampled. Although elemental S is abundant near the source of Beowulf Spring, M. yellowstonensis-like organisms do not appear until the Fe(III)-oxide depositional zone, where oxygenation of the aqueous phase is sufficient to support Fe(II) oxidation (26) .
The significantly increased expression of fox cluster genes under Fe(II)-oxidizing conditions in our current study, as well as in previous studies (4, 8, 29) , suggests that the putative proteins encoded by these genes are excellent candidates for mediating electron transport from Fe(II) (29) . Prior work on the cytochrome spectra of thermo-acidophilic Sulfolobales cultivated on Fe(II) or pyrite suggested that CbsA may be responsible for a unique highly expressed absorption peak at 573 nm (9, 29) . However, other findings on protein extracts indicate that this absorption peak is not due to CbsA (22) . Instead, FoxC may be responsible for this spectral signature resulting from an additional heme or metal binding site(s) not shared with CbsA (the predicted structure of FoxC contains four conserved histidines, three methionines, and a cysteine not found in CbsA). cbsA-soxNL2 homologues are found in species that are not capable of oxidizing iron, and this study shows that the M. yellowstonensis cbsA was equally expressed in the presence or absence of Fe(II) (Fig. 3) . Interestingly, expression of cbsAsoxNL2 was shown to be increased in M. sedula when grown on Although His-His, His-Met, or Met-Met axial coordination of heme B has been well-documented (13, 46) , Lys-Met coordination has been described for the EBDH gamma subunit, nitrate reductases, selenate reductase, chlorate reductases, dimethyl sulfoxide reductase heme B subunit from halophilic Euryarchaeota, and hypothetical cytochromes from Sulfurihydrogenibium spp. (31, 32) . FoxC and CbsA align most closely to the EBDH gamma subunit (see Fig. S2 in the supplemental material), but alignment and protein modeling indicate a novel Lys-Lys or Lys-Arg coordination of heme B (Fig. 6 ) that represents a new mechanism for axial coordination of heme with no obvious domain relatives found in GenBank. Lys-Met coordination imparts a more positive redox potential than other heme B proteins, because lysine (and arginine) are less nucleophilic than methionine or histidine, which stabilizes the Fe(II) state. The Lys-Lys or Lys-Arg coordination proposed here would be expected to have an even higher Fe(II)-stabilizing potential. In fact, previous studies have measured a very high redox potential for CbsA protein fractions at around ϩ400 mV (22) . A higher redox potential would also be expected for FoxC to be effective in oxidizing Fe(II) at lower pH values (1). These properties appear to correspond quite well with the potentials necessary for an energetic electron transport from Fe(II) as an electron donor. Calculated redox potentials for the Fe(II)/ Fe(III) half-reaction in these environments range between ϳ470 and 590 mV, depending on oxygen levels and pH (26) .
CbsA has recently been implicated as the cytochrome b component of an archaeal bc 1 subunit III electron transport complex analogue (7) . Given the structural relatedness of components of FoxC and CbsA, it is expected that these proteins indeed play similar roles in electron transport. However, FoxC appears to be the heme B subunit of a larger protein complex with a function similar to the gamma subunit of the EBDH heterodimer from Azoarcus sp. EbN1 (31) . The EBDH complex contains a molybdopterin protein (alpha subunit) that contains a catalytic domain involved directly in the oxidation of ethylbenzene and an Fe-S cluster (beta subunit) that is similar to ferredoxins. FoxG contains a ferredoxin fold (Table 1) and is therefore a candidate beta subunit for a hypothetical complex with FoxC. Finally, the predicted FoxH is similar to ATP/ AMP sensor proteins, and the putative FoxH may regulate expression of Fox components, such as FoxC, based on energy requirements.
The predicted Mco of M. yellowstonensis represents another novel protein and an interesting candidate for future study. Transcripts of mco were not observed in all HFO spring sites (found in only one of four). Only two sequences similar to the M. yellowstonensis strain MK1 mco were found in public databases, including M. sedula and Sulfolobus islandicus. Interestingly, mco-like sequences were found in two of seven Sulfolobus islandicus strains, corresponding to those isolated from YNP (51) . However, it is not known whether these S. islandicus strains are capable of oxidizing Fe(II). Of the described Sulfolobales, only Metallosphaera spp., Acidianus brierleyi, Sulfolobus metallicus, and Sulfolobus tokodaii are capable of chemolithoautotrophic growth on Fe(II), with limited growth reported for S. tokodaii (8) . Although not required for iron oxidation in the Sulfolobales, Mco may impart an advantage for chemolithotrophic growth on Fe(II).
The translated 550-aa sequence contains two plastocyanin domains and models well with laccase proteins. Many type I domains in multicopper oxidases are known to be nonspecific in one-electron transfers from a variety of chemical species, including organic compounds (e.g., lignin phenolic groups), Fe(II), and Mn(II). However, a specific Fe(II) binding site has been found in Fet3P proteins, which show stronger Fe(II) oxidation activities than other blue multicopper proteins (48, 54) . Binding is believed to take place via a type I domain with two acidic residues (glutamic and aspartic acids). Whether Mco has a similar Fe(II)-specific binding region will require further protein analysis by either purification and specific activity assays or modeling with structures not yet in the PDB. The Mco in M. yellowstonensis may represent an additional example of a fusion between two small blue copper proteins, believed to be an evolutionary step toward enzymes such as laccase in fungi and ceruloplasmin in higher mammals (44 (52) or as an electron carrier between redox components of the Fox complex (i.e., FoxC and FoxA) (35) . However, with the exception of the plastocyanin domains, Mco has little similarity to any known protein sequence and undoubtedly represents a novel family of multicopper proteins that are quite different from small blue copper proteins, such as rusticyanin, which is only 187 aa long in A. ferrooxidans.
Members of the Sulfolobales do not have c-type cytochromes, which are important for Fe(II) oxidation in A. ferrooxidans and Leptospirillum group II, and this further supports the hypothesis that a different evolutionary path is responsible for Fe(II) oxidation in M. yellowstonensis. Cytochrome b (i.e., FoxC and/or CbsA) and blue multicopper (Mco) proteins likely have similar functions to cytochrome c and rusticyanin for direct Fe(II) oxidation and/or upstream/ downstream electron transport. Expression and modeling results along with comparative genome analysis provided evidence to support a hypothetical model for Fe(II) oxidation in M. yellowstonensis strain MK1 (Fig. 7) . This model assumes that FoxC is the direct oxidant of Fe(II) and that Mco acts much like a rusticyanin analogue in transporting electrons either upstream for anabolic processes such as carbon fixation or downstream to the Fox HCO for energy gain and ATP synthesis. M. yellowstonensis and the other Sulfolobales do not have a periplasmic space and Mco does not have transmembrane domains, and therefore the cellular location is unknown. Mco is not part of the Fox operon and, therefore, may not be bound to the HCO complex, similar to sulfocyanin. Instead, Mco may be a soluble electron shuttle within the cytoplasm.
The work presented in this study strongly suggests that the acidic Fe(II)-oxidizing niche realized by M. yellowstonensis-like organisms in geothermal springs of YNP is linked directly with the metabolic capabilities imparted by putative proteins of the Fox complex, as well as possible roles for a unique Cu oxidase containing two plastocyanin domains. These proteins have only been observed (to date) in high-temperature Fe(II)-oxidizing habitats and are not present in other Sulfolobales habitats (27) . Consequently, these putative proteins are strong candidates for further study, including verification of protein transcription in situ, as well as in vitro studies aimed at the isolation and characterization of these proteins.
